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Final Report

We set out to wrap up the project by developing a prototype terahertz imaging system to test the
polarization modulation scheme. The mask layout was finalized and the mask set was fabricated. See
figure 1 for a sample of the receiver, and figure 2 for the entire layout (all layers).

Unfortunately, we encountered multiple fabrication issues that prevented us completing the system before
the completion of this project. We hope to have a working prototype by the second quarter of
2012.Regardless, we confirmed that polarization modulation is a viable technique for high repetition
radar, particularly pulsed terahertz radar, through the use of a scaled experiment. We believe that our
pulsing hardware, combined with a focusing dish, would prove a powerful standoff imaging solution.

Figure 1: Receiver NLTL/antenna (left) and close up of sampler with transmission line transitions (right)



Figure 2: Full mask layout showing all layers



4-Apr-11to 3-Jul-11  Layout and Device fabrication

Abstract:We set out to start the mask layout, devise a fabrication recipe and perform initial
fabrication experiments.Progress was made in the mask layout, including devices for the terahertz
imaging system, as well as test devices to evaluate specific components. An 18 step fabrication
recipe was adapted from previous work, accommodating available equipment and additional steps
needed for epitaxial lift off and membrane release. Membrane release tests were performed with
silicon nitride membranes to ensure viability of process. We next plan on finalizing the mask
design and beginning fabrication.

The mask layout was started using the layout software LayoutEditor (ex. figure 1). Results from
component simulations in CST Microwave Studio were imported into the device layouts.The fabrication
recipe was developed simultaneously with the mask layout so as to identify any problems that might be
mitigated with clever design.

Eventually we plan to use ultrananocrystalline diamond (UNCD) membranes to support the devices due
to the material’s superior heat dissipation properties. However, for now we are exploring low-stress
silicon-rich silicon nitride (SisN,) grown in-house. We achieved 6 x 6 mm? membrane windows at a
thickness of around 2 um, sufficient for our application.

Figure 1. Diode sampling circuit mask layout



4-Jan-11 to 3-Apr-11 Integration Modeling

Abstract:We set out to model the integration of key components that make up the pulse
transmitter and receiver, specifically the NLTL/sampler and antenna. Using an air bridge balun
we achieved a simulated bandwidth of 60 - 400 GHz, enabling integration of a coplanar stripline
(CPS) antenna with a coplanar waveguide (CPW) nonlinear transmission line (NLTL). Air bridge
baluns have previously only been measured to 110 GHz. An exponentially flared CPS antenna
was designed and optimized for the 60 - 400 GHz band with gain up to 15 dB. We now plan on
laying out the masks for the devices and beginning device fabrication.

Traditionally, CPW to CPS baluns are implemented using a 3 dB resistive bridge (i.e. >3 dB loss). Our
approach using an airbridge (figure 1, right) outperformed a resistive bridge over the 60-400 GHz
bandwidth (figure 1, left). In addition to S-parameters, we also explored the radiation characteristics of
this balun and found there was little radiative loss, even at higher frequencies. Further, we explored more
complex, rounded airbridgebaluns and found no perceivable improvement.

Figure 1: Coplanar waveguide to coplanar stripline transition

Initially, two antenna architectures were pursued: CPS flared antenna (figure 2, right) and TEM horn
antenna. The latter was found to have a boresight that varied with frequency, so it was rejected. The CPS
flared antenna implemented on a thin membrane has proved promising. To our knowledge, no other group
has implemented a CPS flared antenna on a thin membrane for operation at terahertz frequencies. The
return loss is largely under 10 dB over the 60-400 GHz bandwidth (figure 2, left) with gain up to 15 dB at
the higher frequencies and closer to 6 dB at the lowest frequency.

Figure 2: Return loss (left) and model (right) of the CPS flared antenna



4-Oct-10 to 3-Jan-11  THz antenna simulations and membrane NLTLs

Abstract: We set out to explore novel approaches to nonlinear transmission lines (NLTL) that
would also benefit terahertz antennas. We simulated short NLTLs using the full wave solver CST
Microwave Studio with SPICE diode models. This enabled us to evaluate complex transmission
lines structures, such as diode-loaded microstrip, not possible with traditional Kirchhoff
solvers.Terahertz Vivaldi membrane antennas were also simulated. We next plan on devising
integrated devices that can be fabricated, optimizing these devices and beginning the mask layout.

NLTLs have for the large part been designed using Kirchhoff/SPICE solvers which do not take into
account complex geometries. To confirm the benefits of our novel approaches, we sought to perform full
wave (i.e. Maxwell’s equations) simulations that called SPICE models at the location of active elements
(i.e. diodes). This was possible in CST Microwave Studio for small nonlinear transmission lines (NLTL).

We compared two novel NLTL structures, thin diamond coplanar waveguide (CPW) (figure 1, middle)
and microstrip (figure 1, right), with the tradition bulk GaAs substrate CPW NLTL (figure 1, left). These
were modeled and simulated in CST using the EM transient co-simulator.

Figure 1:GaAs CPW (left), thin diamond CPW (middle) and microstrip (right).

We found that the two novel NLTL structures gave higher compression and lower loss than the traditional
bulk GaAs structure. While these results were for a small (10 cell) NLTL, we believe these results will
carry over to a real world (i.e. 50+ cell) NLTL.

== GaAs
Diamond

voltage (V)

T—— Microstrip

-10 : :
0 50 100

time (ps)

Figure 2:Compression achieved by the three NLTL configurations shown in figurel. (offset for clarity)

The reason for this increased performance was that by reducing the effective dielectric constant (either
through thin substrate — diamond, or different dielectric — microstrip), we were reducing the capacitance
of the transmission line, thus the nonlinear capacitance of the diode would have more effect on the total
capacitance.

Vivadi antennas on membranes were simulated with promising results. However the issue of integrating a
slotline antenna with a coplanar waveguide transmission line at terahertz frequencies was unresolved.



4-Jul-10 to 3-Oct-10  Improved Antennas

Abstract:We set out to investigate alternate antennas more compatible with planar integrated
circuit fabrication. We explored Vivaldi travelling wave antennas on thin substrates with various
modifications to the antenna opening. We found that removing material from the antenna opening
actually had a negative effect on performance, particularly gain. Consistent with the literature, we
found that reducing the substrate thickness greatly enhanced antenna performance. A novel balun
was developed to allow easy antenna fabrication on thin substrates. We now plan on exploring
novel approaches to NLTL pulsers based on what we have learnt from these results.

Following the successful implementation of the polarization modulation scheme at 20x scale, we looked
to improve the antennas. While our original intention was to build a three-dimensional antenna and
connect the NLTL with a flip chip process, we felt that an integrated approach would be superior both in
performance and cost. Some prototype Vivaldi antennas were designed, simulated and fabricated for
comparison with the original scaled antennas. These new antennas featured a novel coaxial feed for easier
fabrication. The gain of these antennas was satisfactory, and the return loss superior to the original
antenna. Our thinking was that these antennas could ultimately be used in a reflector setup which would
dramatically increase the gain in an at-scale terahertz system.

Figure 1 shows the four prototypes explored.

Figure 1:The Vivaldi antenna prototypes (I tor) A, B, C, and

Comparing the gain of the four prototypes (figure 2, left) shows that removing material from the antenna
opening was not beneficial. Regardless, these Vivaldi antennas performed better over their scaled
bandwidth than the original antennas developed for this project (figure 2, right).

Figure 2: Gain of the four prototypes (left) and comparison with the original antenna (right)



A novel balun was developed that allowed for easier integration between antenna and coaxial connector
(figure 3). By using a raised substrate under the microstrip feed, the line width could be increased greatly,
allowing sufficient width for an expential taper to match the impedace of the slotline feed of the antenna.

Figure 3: Novel microstrip to slotlinebalun



4-Apr-10 to 3-Jul-10  Conference Paper

Abstract: We set out to refine the scaled polarization experiment and conduct further testing.We
replaced the gun silhouette with a similarly-sized polarized scatterer to highlight the scheme’s
polarization sensitivity. Rejection on the order of 10 dB was achieved, using an alternate
pseudorandom bit sequence (PRBS) as the noise source. Rotating the polarizer confirmed the
setup’s polarization sensitivity. Displacing the scattering target confirmed respectable range
resolution.We next plan on improving the antennas to increase the signal to noise ratio, as we are
unable to increase the power in this setup.

We fabricated a polarized scatterer using a 1 ft* piece of cardboard with copper wire running parallel,
spaced ¥4” apart. This was then mounted on a rotating mount to easily assess the effect of polarization
change. For most measurements the polarizer was rotated at an angle of 20°.

The rejection measurements involved correlating the received scatter of two different PRBS pulse streams
and then comparing this with the autocorrelation of a single stream. The 10 dB rejection achieved (see

figure 1) confirmed that we could use multiple transmitters simultaneously with the ability to filter out
undesired streams using a matched filter.
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Figure 1:Scatter measurements with varying PRBS.

The polarizer was then rotated to highlight the benefit of polarization sensitivity (figure 2). When the
polarizer was rotated at 45° to the receiving antenna, the correlation magnitude was reduced by 3 dB, as
would be expected. When the polarizer was rotated orthogonally to the receiving antenna, the correlation
magnitude was some 10 dB down, around the experiment's noise floor. This confirmed that the
modulation scheme is polarization sensitive.
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Figure 2:Scatter measurements with rotating polarizer.



Successful ranging was achieved, with a target distance change of 3 ft resulting in a 6 ns delay difference
(Figure 3). Given there is a 6 ft round trip differential and light travels at roughly 1 ft/ns, this is expected.
Unmodulated pulsed radar would have a range ambiguity (given by R,=c / 2-f,,) of only 1 ft at the

experiment's pulse repetition frequency.
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Figure 3:Scatter measurements with polarizer at varying range.
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4-Jan-10 to 3-Apr-10 Conference Abstract

Abstract: We set out to correct the Anritsu data generator issue, take scattering measurements,
and evaluate the polarization modulation scheme.The Anritsu data generator issue was unable to
be resolved, so the instrument was removed from the setup, and we developed a workaround. By
splitting an existing channel and delaying by one bit, we were able to emulate a fourth pulse
stream. Initial results were promising, with the scheme showing good rejection performance. We
now plan on refining the experiment and conducting more tests.

The Anritsu data generator was found to be temporally unstable such that when repeating a
pseudorandom bit sequence (PRBS) the instrument would occasionally delay a few bits. This resulted in
the Anritsu-generated stream becoming out of sync with the three other pulse streams generated by
Agilent instruments. The cause of this skipping was not found, nor could we find any workaround that
still used this instrument.

A feasible workaround was devised that required only three pulse sources. By splitting a pulse source and
delaying one of the two channels by one bit, we were able to "fake” a fourth pulse source. This required
careful generation of PRBS for each channel, such that all four channels remained orthogonal. The one bit
delay was achieved using a signal splitter and delay line, shown in figure 1.

Figure 2 shows that the delayed line approach (three unique channels, one delayed) compared favorably
with the ideal case (four unique channels), with some negative correlation either side of the desired peak.

Scattering measurements were then performed using a scaled gun silhouette as the reflector. Figure 3
shows the improvement in increasing PRBS length, and also alternate PRBS rejection. That is, if a
different PRBS is used than expected, then the matched filter would reject it as noise, allowing multiple
transmitters to operate simultaneously.
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Figure 1:Scaled polarization modulation experiment setup
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Figure 2: Autocorrelation of simulated response for PRBS (left) and PRBS with delay line (right)

Gun Silhouette Scatter Measurements

Delay (ns)

0
PRBS Length
-51 —50 b
— 200

-10} i ‘ — 400 |4
.15} i
-20

-500 0 500

Gun Silhouette Scatter Measurements

0
& — ldentical PRBS
= s — Different PRBS ||
&
=
5 10 1
kS| ‘
Q
= -15F n il “ E
j=}
o

-20
-500 0 500

Delay (ns)

Figur e 3:Scatter measurements with varying PRBS lengths (left) and varying PRBS (right).



4-Oct-09 to 3-Jan-10  Experiment development.

Abstract: We set out to design an experiment to verify our proposed polarization modulation
scheme.We modified the scheme to include polarity modulation, enabling more intuitive matched
filtering.We used pulse and data sources to simulate nonlinear transmission line (NLTL) pulsers,
an equivalent time oscilloscope to simulate the sampler and scaled dual-polarity, and dual-
polarized antennas for radiation/reception. The oscilloscope was found to have insufficient
waveform memory, so we developed a workaround. The Anritsu data generator was found to
have timing issues. We next plan on resolving this issue and performing scattering experiments.

Reviewing our polarization modulation technique, we generate a stream of pulses that vary in polarization
and polarity with some pseudorandom bit sequence (PRBS). The polarity modulation was added so that,
when matched filtering, the presence of an object would give a sharp peak rather than a triangle-like
response.

An experiment was devised to test the proposed polarization modulation scheme at 20x scale with respect
to terahertz operation (see Figure 1). Four channels containing pseudorandom time-orthogonal pulse
streams were generated using various pulse/data generators, and then fed into a dual-polarization dual-
polarity antenna. This produced a polarization/polarity encoded pulse stream that could then be decoded
by the receiving antenna/oscilloscope as in a typical bistatic radar setup. All instruments were
synchronized using a 10 MHz reference signal.

The pulse/data generators and oscilloscope were connected to a PC running Mathworks MATLAB via a
GPIB/LAN interface. All signal processing and data presentation was done in MATLAB.

The oscilloscope proved limited when increasing the pseudorandom bit sequence (PRBS) to any usable
length due to its limited ability to save long waveforms. Specifically, it was limited in the number of
time-voltage points it could export. To get around this issue, we developed a MATLAB script that was
able to step through an extremely long waveform and then stitch the pieces together to give the complete
waveform.

Figure 1:Scaled polarization modulation experiment setup



4-Jul-09 to 3-Oct-09  Device redesign and refabrication.

Abstract: We carried out an extensive battery of antenna simulations to explore the impact of
different design modifications to improve mechanical stability. We chose the two most promising
designs and fabricated 10x scale antennas for further testing. We next plan on measuring the new
10x antennas and comparing the results to the original designs.

Using HFSS, we ran a series of 170 simulations to bracket the design space of the quad vane differential
antenna design. Our goals were to improve the gain, extend the frequency range, and eliminate the
precarious simply supported drive vane. Several variants were explored, including drive vanes with
secondary legs and drive vanes with Teflon supports. As a result of the HFSS testing, we chose the two
most promising designs and fabricated two 10x scale antennas of each design for further testing.
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4-Apr-09 to 3-Jul-09  Device testing.

Abstract: We used an anechoic chamber and a reference antenna to measure the gain, cross-talk,
and reflection coefficients of the 20x scale antennas. We next plan on revisiting the antenna
simulations to create a design that is more mechanically robust and has better performance.

We mounted the 20x scale antennas to a mobile gantry in the anechoic chamber and used an ETS
Lindgren 3164 quad ridged reference antenna to measure the transmission beam pattern along with the
reflection coefficients. We ran into significant issues with the limitations of the test setup in terms of the
maximum attainable frequency and the tendency of the gantry to tear apart the connectors. With the
assembly process validated at 20x scale, we decided to use simpler models in the future and focus on
ways of stabilizing the narrow drive vanes.
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4-Jan-09 to 3-Apr-09 Device fabrication.

Abstract: Having agreed upon a plan-of-record antenna pixel design and assembly process, we
began the process of sourcing off-the-shelf components and building the custom hardware
required for a set of 20x scale antennas. We next plan to test the pixels to determine how well the
gain and reflection coefficients match our predictions.

To demonstrate the feasibility of our proposed at-scale assembly process, and to validate our HFSS
models for antenna gain, we created a solid model of the antenna assembly and had the individual antenna
components fabricated. The primary conductors were CNC machined at GDI from 1/8” copper plates and
brazed together. The mounting hardware and the dummy ceramic were created using metalized
stereolithography at Fineline. Four standard coax cables were used as the input feeds. By the end of the
quarter, two 20x scale antennas had been fabricated and assembled, and work was underway to setup the
anechoic chamber.






